We have demonstrated that structures down to 150 nm can be visualized in X-ray projection images using a nano-focus X-ray source. Due to their unlimited depth of focus, they don a limit on the specimen size in the case of 3D tomographic imaging. Further simulation studies have shown that optimization of the detector response curve and switching from a reflective Xray target to a transmission target should allow us to reach sub-100 nm resolutions.
INTRODUCTION
A common way to achieve a spatial resolution better than a few 100 nm in X-ray projection imaging is by using X-ray optics such as Fresnel zone plates. Although the use of these components can result in extreme high resolution (Chu et al., 2008) , they are not always suited for tomographic imaging due to their very limited depth of focus. This limits to size of specimen that can be imaged in focus to a few microns (Suzuki, 2008) . To overcome this limitation while still retaining a nanometer scale resolution, we investigated the achievable spatial resolution using X-ray sources with a nano-focus spot size. This approach has an infinite depth of focus.
One of the factors determining the smallest X-ray focal spot size attainable in an X-ray source is the type of electron gun used. Sources based on classical W filaments can achieve a focal spot diameter around <900 nm (Brunke, 2008) . When the electron beam is generated using a LaB 6 crystal, X-ray spot diameters between 250 nm (Hamamatsu, 2009) and 400 nm (Tohken, 2009) have been reported. However, the smallest X-ray spot sizes are currently achieved using electron guns based on Schottky field emission. These are often found in scanning electron microscopes (SEM). Using an SEM as a nano-focus X-ray source, we studied the influence of X-ray energy and geometrical set-up on the achievable spatial resolution. Figure 1 shows a schematic drawing of how a JEOL JSM-7000F SEM was used for X-ray imaging. A specimen holder is mounted on a rotation stage. The distance from the specimen to the target can be varied. The target is mounted at a 45 degree angle relative to the electron beam. The produced X-rays penetrating through the sample are acquired by direct detection in a cooled back-thinned CCD camera (Princeton Instruments PIXIS-XO 512). This camera has 512x512 pixels and a pixel size of 24 m. The electron gun is operated at 30 kV. The target can be coated with a thin substrate of a specific material to generate characteristic X-rays with appropriate energies.
EXPERIMENTAL SETUP

RESULTS
First setup
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The loss and inversion of image contrast at high spatial frequencies seems to indicate that Fresnel diffraction effects when X-rays pass through the resolution pattern start to become important. To verify this, the electromagnetic field strength in the detector plane was computed when an X-ray cone beam passes through a 1D grid pattern. To compute the field strength U(x,y) we use the following equation (Cowley, 1990): where Obj( ) is the object transfer function (i.e. the absorption and phase shift of the X-rays when passing through the object), z 1 is the target to specimen distance and z 2 is the specimen to detector distance.. The influence of the X-ray focal spot size and the 24 m CCD pixel size is taken into account by convolving U(x,y) with a Gaussian X-ray spot distribution and a 24 m wide block function.
The energy spectrum emitted by the Ag target substrate, as seen by the detector, is shown in figure 4a . It was computed taking into account the X-ray emission spectrum emerging from the Ag target, the absorption in the 250 mm Be window in front of the CCD and the wavelength depended detection efficiency of the CCD. The silver emission spectrum was simulated using WinX-ray (Demers, 2004) . The spectrum observed by the detector is rather mono-energetic around 3 keV. Figure 4 shows the computed response to a regular 1D grid patterns with different pitches. The width of the grid walls is equal to the pitch. The object transfer function assumes 180 nm thick Au walls. The green lines show the ideal response while the blue and red lines correspond to the expected detector response taking Fresnel diffraction in account using equation 1, respectively with and without taking the X-ray spot size and detector pixel size into account. The complete
loss of image contrast around 290 nm corresponds reasonably well with what we observed in the measured X-ray projection image.
Fig. 4: Predicted detector response to a regular 1D grid made of 180 nm Au walls. The pitch (= wall width) is varied from 270 nm to 340 nm.
Improved setup
From equation (1) one finds there are two instrumental ways to improve the detectability of a smaller structure:
Reduce the defocusing distance z=(z 1 *z 2 )/(z 1 +z 2 ). Since z 1 <<z 2 in our set-up, it follows that z can be approximated by z 1 , i.e. the target to specimen distance. Increase the mean X-ray energy.
These two enhancements were implemented in the following way:
The distance between the resolution pattern and the target is reduced from 0.7 mm to 0.3 mm. To achieve this, the target had to be tilted from a 45 o angle to a 75 o angle. This results in an elliptical X-ray focal spot and hence the image resolution will be worse in one direction Replace the Ag target layer with an Au layer. This increases the mean energy from~3 keV to~6.4 keV. Improve contrast at these higher energies by replacing the XRadia resolution pattern with an ATN/XRESO-50HC (NTT-AT Nanofabrication Co.) resolution pattern. The latter has 500 nm thick Ta structures.
In this new configuration we have a geometrical zoom of around 880x and an image pixel size of 27 nm. Figure 5 shows the central part of the NTTAT resolution pattern (left) and the resulting X-ray projection image. The resolution in the horizontal direction is better than the vertical resolution due to the tilt of the target. Structures of 200 nm are now still clearly visible. The details in the resolution pattern get wiped out when the sizes are less than~150 nm. The computed energy spectrum as measured by the detector is shown in figure 3b .It consists of three main peak, M (2.1 keV), L (9.7 keV) and L (11.4 keV), and a broad Bremsstrahlung spectrum. Because the spectrum using the Au target cannot be considered mono-energetic, the prediction where complete loss of image contrast occurs is more complicated. Instead the pitch at which complete loss of image contrast is expected in a 1D Ta grid with 500 nm thick walls is 270 nm 280 nm 290 nm 300 nm 310 nm 320 nm 330 nm 340 nm shown in figure 6 as a function nm is a result of the different com 6 that a better suppression of the spectrum (e.g. using slightly t wavelengths) should push the p spectrum becomes more mono-en 
Transmission target optimizati
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lar 1D grid made of 500 nm thick Ta walls wher ion geometry in our current set-up prevents us from w 0.3 mm. The use of a transmission target co nte Carlo study was performed to minimize the n target deposited on a 100 Be window. Jan et Al., 2004) The X-ray focal spot size is obta target material, i.e. on the interfa X-rays that would eventually rea was characterized by two radii containing 90% of all X-rays em size grows with increasing targ target thickness should not excee 
CONCLUSIONS
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